Two organic fertilizers were prepared from the same initial mixture of poplar sawdust, blood and flour either by composting in a reactor or by chemical oxidation. Both processes resulted in loss of c. 30 % of the organic matter. Composting required 90 days in comparison to only a few hours with chemical oxidation. Extraction of the organic residues with 1 N KOH gave solutions containing 24n6 and 15n1 g\l of humic substances respectively. These humic solutions were applied to pot-grown Lolium multiflorum Lam. at 4 and 10 mg carbon per pot to assess the short-term uptake of macro and microelements by the plants. When the plants were short of phosphorus, the humic substances from the chemically decomposed sawdust supplied at 10 mg C per pot improved total P uptake and yield. Humic substances also increased copper and manganese uptake, and by enhancing root development, also improved nitrogen uptake and biomass yield.
INTRODUCTION
Recycling lignocellulosic waste usually requires pretreatment composting to reduce volume and stabilize the organic matter as humic substances. During composting exothermal biological oxidation is ensured by different groups of aerobic microorganisms (bacteria, fungi and actinomycetes). After a few months the mixture is fairly homogeneous and the final products rich in humus compounds extractable in alkaline solutions (Mathur 1991) .
Humic substances are supposed to have metabolic roles during various stages of the plants' vegetative cycle such as germination, root initiation and growth (Cacco & Dell Agnola 1984 ; Chen & Aviad 1990 ; Revel et al. 1999) . Possible mechanisms involved in the stimulation of plant growth include the assimilation of major and minor elements, biochemical effects (enzyme activation and\or inhibition, changes in membrane permeability, protein synthesis) and finally the activation of biomass production. Humic substances may also form complexes with cations, such as calcium (Ca) and iron (Fe) which are essential to plant mineral nutrition. Furthermore the complexing of Ca by humic substances in calcic soils limits the precipitation of calcium phosphates. Similarly that of Fe and aluminium (Al) limits the fixation of phosphorus as Fe or Al-phosphates in acid soils. The complexing of such cations thereby enhances the availability of phosphorus (P) to plants (Garapin 1989 ; Brun et al. 1993 ; Bolan et al. 1994 ; Lobartini et al. 1994 ; Kaemmerer et al. 1999 a) .
In addition to the broad range of concentrations (8-6000 mg\l) of humic compounds used for their supposed effects on plant growth, the processes used in their production may also influence the final results (Visser 1986) . This is particularly true of the humic substances produced industrially and sold as liquid fertilizers (Malcolm & MacCarthy 1986) . As composting takes a long time, more rapid processes need to be developed. However any changes in the process may affect the final product. It is, therefore, necessary to check the activity of such products with those obtained in other ways.
In the present work a chemical process which only lasted a few hours was used to oxidize organic matter and produce a stable material yielding so-called ' humic-like ' compounds (Sternicha 1987 ; Senesi et al. 1996 ; Hafidi et al. 1998) . The main objective was to compare the humic substances (HS) derived from compost (microbial decomposition (MHS)) with those obtained after chemical decomposition (CHS) and to study their relative efficiencies on the growth and P nutrition of ryegrass. According to previous experiments (Hafidi et al. 1990 ; Bidegain 1995) ryegrass is highly sensitive to the presence of organic compounds and is a suitable test plant. Phosphorus uptake was studied because of its importance in plant nutrition and because its availability to plants depends both on P status and organic matter (Tate 1985) . As the positive effects of humic substances seemed to be enhanced under non-optimum nutrition conditions (Chen & Aviad 1990) , the experiments reported here were carried out using different amounts of available P. The effects of these humic v. humic-like compounds were tested in pot trials using the method described by Stanford & De Ment (1957) and modified by Hafidi et al. (1990) .
MATERIALS AND METHODS

Composting and chemical processes
The same poplar sawdust (Populus deltoides L.) with 85 % dry matter (DM) and 0.5-5 mm particle size was used in both processes. Organic nitrogen (5 % powdered beef blood) and readily degradable carbohydrate (10 % wheat flour) were added to reduce the very high C :N ratio from 226 to 64 and to facilitate microbial activity. The mineral nutrition of the microorganisms involved in decomposition was ensured by using the same nutrient solution as indicated in Nuntagij et al. (1990) . Half of this initial mixture was subjected by microbial composting, the other was treated chemically.
The aerobic and mainly thermophilic (45-65 mC) phase of composting stage was carried out for 10 days in a controlled reactor (Viel et al. 1987) , loaded with 18 kg (fresh matter) of the mixture (Table 1) and inoculated with 500 g of the compost described by Brun et al. (1993) . Aeration was with forced air (15-20 litres\h per kg DM) and the product was mixed for 5 min every 4 h during the decomposition phase. The compost was then matured for 90 days in a flexible plastic container under constant humidity and mixing every 3 days. Samples were taken every 30 days to monitor the changes in organic composition compared with that of the initial dry matter (DMC ! ) ( Table 1 ).
In the chemical process, the same initial mixture was treated with nitrogen oxides, as described in the Sofrechim company patent (Sternicha 1987 Soest & Wine's (1968) method was used to study the degradation percentage of cell-wall constituents (CWDP) during both treatments. The organic matter degradation percentage (OMDP) was also calculated to assess the respective yields of the two processes.
Finally, the humic substances were extracted with 1N KOH (industrially marketed solution) : 400 ml of alkali was added to 50 g DM of product for 1 h at 120 mC in an autoclave. After shaking for 2 h (rotary shaker, 4 rpm), filtering, and centrifuging (30 min at 3500 rpm), the solid phase was removed and the liquid phase supplied to ryegrass growing in pots.
Experimental design for the experiment with ryegrass
The Stanford & De Ment's (1957) microculture method was slightly modified to shorten the time required (Hafidi et al. 1990) . Lolium multiflorum Lam. var. Barpectra (Bidegain 1995) was grown in a phytotron in which the temperature was maintained at about 25 mC and the pots were irrigated daily. The plants were first grown for 10 days under P deficient conditions in 400 cm$ plastic pots 0n1 m in diameter containing 500 g of an inert substrate (washed siliceous sand). Following the Stanford & De Ment's method (1957) the bottom of the pots was a sieve allowing roots to grow through it and to take up the nutrient solution provided in an underlying plate. To preclude any P uptake by the plants, during this first stage, the nutrient solution contained all the required nutrients (Morard 1995) except P (5 m
. At the end of this first period of 10 days, all the plants were about 0n1 m in height, highly P deficient and the roots had grown out through the perforated bottom of the pots.
The experimental phase was then carried out to investigate the interaction between P bioavailability and the supplied humic substance (HS). According to Stanford & De Ment (1957) , roots were placed in contact with P and HS, by inserting each pot in a second plastic 2000 cm$ pot 0n11 m in diameter and containing 190 g of siliceous sand to which 15 combinations of P and HS were added as treatments (Table 2) .
Three different forms of P were tested : (i) 17 g of an acid soil containing 5 mg of poorly available P (S) ; (ii) the same quantity of P (5 mg) in another poorly available form by supplying 27 mg of a synthetic hydroxyapatite (Ca "! (PO % ) ' (OH) # ) previously calcined at 800 mC (H) ; (iii) a readily available form of P as potassium hydrogen phosphate dissolved in the nutrient solution (1 m KH # PO % ) and added at 6n2 mg P per pot in order to make sure that a high level of P nutrition condition had been provided to these plants (A).
The three above-mentioned phosphorus treatments were combined with five levels of humic substances which were : (i) control plants without any humic substances (0) ; (ii) 4 mg of C per pot of humic substances extracted from chemically decomposed poplar sawdust (CHS) (1) ; (iii) 4 mg of C per pot of humic substances extracted from microbially decomposed compost (MHS) (2) ; (iv) CHS added to supply 10 mg C per pot (3) ; (v) MHS to supply 10 mg C per pot (4). These humic substances were added to the sand in a single application. The 15 treatment combinations and symbols are shown in Table 2 .
There were six replicates of each treatment and the 90 pots were arranged in a totally random design and moved daily. Forty ml of the same nutrient solution used in the first part of the experiment was supplied to the base of each pot 2 days out of 3, distilled water was added on the third day according to the water used by the plants. In the 3rd series of pots (A), this nutrient solution was slightly modified (1 m KH # PO % , 5 m KNO $ ) to keep the potassium (K) supply constant. Therefore the nitrogen (N) supply was slightly lower for this series but the difference was very small (15 m N in solution instead of 16 for all the other pots).
All the other macro-and micronutrients were added at the same amount to all the treatments by using the nutrient solution described above.
This experimental phase was conducted for 7 days, since it was assumed that, because of their large demand for P, the plants would quickly take up the very small amount of added P. Indeed, Hafidi et al. (1990) had shown under the same experimental conditions that P uptake by ryegrass was directly dependent on P availability only during the first 7 days.
Therefore aerial parts and roots were harvested after 7 days and the dry matter in the aerial parts (ADM) and roots (RDM) determined by drying to constant weight at 105 mC. The samples were then ground to a fine powder. N, P, K, Ca, magnesium (Mg), copper (Cu), manganese (Mn) and zinc (Zn) contents in the aerial parts and roots were determined after sulphuric acid digestion (Thomas & Chamberlin 1974) . The cations were then analysed by atomic absorption spectrometry, P by colorimetric assay as the phosphomolybdate complex, and N by Kjeldahl. The total uptake of each element was the sum of the amounts taken up by the aerial parts and the roots.
The statistical analysis of the data was based on variance analysis and the means are given with their standard error (Lessard & Monga 1993) . Multiple comparisons were made by Tukey test and the differences considered significant when the probability given by the matrix of pairwise comparison was below 0n05 (P 0n05).
RESULTS
Composting and chemical processes
Degradation of the organic substrate during composting was gradual (Table 1) with 36 % occurring during the thermophilic stage (OMDP l 16 %, i l 1) and 30 % during maturation (OMDP l 30 %, i l 4). As the carbon content decreased, the total nitrogen and mineral contents increased slightly and the C : N ratio decreased until it was 38 after 90 days. Although the optimum ratio would be c. 15 (Haug 1993), maturation was stopped and the humic substances extracted for use in the experiments. According to Table 3 the loss in weight of both lignin and cellulose during the thermophilic stage was c. 20 % whereas hemicellulose was degraded by 40 %, thus indicating that most of the easily biodegradable material was decomposed during aerobic fermentation. Cellulose degradation continued throughout the maturation period (CWDP l 59 %, i l 2) to almost attain that of hemicellulose (CWDP l 64 %, i l 2). That of lignin decreased only slightly attaining 33 %.
The total amount of organic matter degradation (Table 1 ) was similar after both the chemical process (OMDP l 32 %, i l 1) and composting (30 %, i l 4). However, the degradation percentage of the cell-wall constituents (Table 3) induced by the chemical process was less than that obtained by microbial composting for hemicellulose (46 cf. 64 %) and cellulose (43 cf. 59n5 %) whereas the values for lignin were similar (29 and 33 %). The C : N ratio decreased from 49 to 12 due to the addition of nitrogen during this process.
The humic material content of the final alkali extracts was larger after composting (24n6 g\l) than after chemical processing (15n1 g\l). In addition different humic substances were obtained after the two treatments : MHS contained the same concentrations of fulvic and humic acids (13n1 and 11n5 g\l) whereas the fulvic acid content (10n3 g\l) of the CHS was much greater than that of humic acids (4n8 g\l). The C :N ratio of MHS was 15 but only 6 in the CHS due to the addition of nitrogen. These differences in composition between MHS and CHS resulted in differences in the availability of the mineral elements taken up by the ryegrass.
Effects of humic substances on ryegrass growth
The variance analysis on total P uptake (TPU) ( Table  4 ) was positive (P 0n001) implying a strong interaction between the application of humic substances and availability of P. In the acid soil, the S1 to S4 treatments increased P uptake but this was not significant (P 0n05) when compared to S0. When the P was derived from an hydroxyapatite (H0 to H4 treatments), the increase in TPU was also not significant for the H1, H2 and H4 treatments but significant for H3 (P 0n05). Lastly, with the readily soluble source of P, the TPU obtained with the A3 and A4 treatments was significantly larger than that obtained with A0, A1 and A2.
There was a good correlation between TPU and aerial dry matter (ADM) (Fig. 1) : the greater the phosphorus uptake of the plants, the greater the dry matter production of their aerial parts. The analysis of variance for ADM was positive (P 0n001) indicating that ryegrass output was highly dependent on the HS contribution, on P bioavailability and on the interaction between the two factors. However, two groups of treatments can be clearly distinguished in Fig. 1 : the yield of the plants grown with hydroxyapatite (H) or with acid soil (S) was mainly limited by phosphorus, whereas the plants grown with KH # PO % had sufficient P. The change in slope of the curve indicated an optimum P level of 5 mg per pot, above this any further uptake of P was not accompanied by an increase in yield. The plants with treatments A3 and A4 had luxury consumption of P.
The roots biomass (RDM) was also highly modified by the different treatments. The variance analysis of RDM was positive (P 0n001) : the A0 to A4 treatments giving a significantly smaller RDM than all the other treatments except S2. This suggests either that plants grown with hydroxyapatite or acid soil and P deficient produced a larger root system to increase P uptake or that plants well supplied with P only produced a small root system to satisfy the P demand of the aerial parts. For each of the P sources, whether optimal or deficient, the supply of HS enhanced the root development. The H2 and H4 treatments produced a significantly higher RDM than H0, H1 and H3. In acid soil, the S3 and S4 treatments produced more roots than S0, S1 and S2. With KH # PO % , the A1, A3 and A4 treatments produced more roots than A0 and A2.
The uptake of Ca and Mg by the ryegrass did not differ from one treatment to another. The total uptakes averaged 13n6p1n11 mg Ca and 4n73p0n736 mg Mg per pot. Nitrogen consumption, in contrast, varied considerably depending on treatment and was strongly correlated with yield (Fig. 2) . A similar curve was obtained for K, but the correlation coefficient was only 0n823 whereas it was 0n9587 for N. Similarly, the addition of HS had a very significant effect on total Cu and Mn uptake (Fig. 3) .
DISCUSSION
Effects of HS on mineral nutrition of ryegrass
The considerable interaction between P availability and the effect of the humic substances on total P uptake (Table 4 ) leads us to discuss the results in relation to the different conditions of P nutrition.
In the acid soil, P was very deficient and the effects of the humic substances were insufficient to increase the amount of total P uptake significantly. With hydroxyapatite, the humic substances (HS) derived from compost (MHS) did not affect total P uptake whereas those obtained after chemical oxidation (CHS) enabled the plants to take up more P when they were supplied with the largest amount of HS (H3).
In the case of total P availability (KH # PO % ) a high amount of HS (A3 and A4) enabled the plants to take up more than the critical level of 5 mg of P per pot. Finally the distribution of phosphorus between the aerial parts and the roots provided further information about the role of humic substances. The plants in which the TPU was greatest (H3, A3 and A4) also exhibited the highest ratios of P uptake between the aerial parts and the roots (PA : PR) ( Table 4 ) implying either that there was sufficient P for rapid top growth or that the supply of HS especially CHS enhanced the translocation of P from the roots to the aerial parts.
By absorbing more P the plants were then able to increase their aerial biomass so that plants with larger yields also had significantly larger TPU (H3, A3 and A4). Furthermore, these latter treatments also produced lowest total zinc uptake (TZU). This result highlighted the existence of a P-Zn antagonism in the ryegrass as has already been observed by other authors in other plants (Mengel & Kirkby 1987) .
In some cases significant effects on yield were recorded (S1, S4, H2, H4) without any accompanying significant effect on TPU. This increase in yield could be explained by the significantly larger root biomass (Table 4) . By increasing root development, the humic substances had probably enhanced the absorption of nutrients from the solution added to the bottom of the pots. The resulting improved N nutrition increased plant yield (Fig. 2) even in acid soil where P was highly deficient (S1 and S4). Similar effects have already been reported by Revel et al. (1999) in ryegrass irrigated with landfill leachate containing organic substances similar to HS.
Influence of characteristics and amounts of supplied HS
The humic substances had positive effects on ryegrass yield especially when supplied in large amounts (S1, S4, H2, H4). Their effect on root development depended on the production process prior to HS extraction. MHS were more effective under P deficient conditions : root growth in acid soil or with hydroxyapatite was enhanced by both amounts of MHS tested (4 and 10 mg C per pot) (S2, S4, H2 and H4). In contrast the CHS increased root biomass under optimal conditions (A1 and A3). However, the CHS were more efficient than MHS in increasing TPU. This could be due to the higher fulvic : humic ratio. In fact, as fulvic acids have higher carboxyl and hydroxy phenolic contents than humic acids they could form cation complexes to a greater extent (Linehan 1976 ; Mylonas & Mc Cants 1980 ; Rauthan & Schnitzer 1981) , and therefore increase P availability to plants (Garapin 1989 ; Brun et al. 1993) . The more efficient complexing properties of CHS than MHS were also assessed by potentiometric and conductimetric methods (Kaemmerer et al. 1999 b) .
CONCLUSION
This experiment showed that the agronomic effects of humic substances are complex and result from multiple, interconnected phenomena which in addition modify the conditions of plant growth.
Thus, the effect of humic substances on total P uptake cannot be studied without considering the bioavailability of P in the growing medium. In the case of very low P availability the humic substances extracted from chemically oxidized poplar sawdust and added to ryegrass in large amounts increased P availability. This result could be explained by their complexing with soil cations which decreased phosphorus precipitation with the latter and hence increased P availability.
The humic substances also improved root development even when the ryegrass was grown with sufficient nutrients. This root improvement enhanced the consumption of both macro-and micronutrient elements. Therefore the addition of humic substances also greatly increased Cu and Mn uptake.
Due to the better developed root system the ryegrass was also able to absorb more N and thus produce a greater yield.
These various phenomena increased the biomass produced by the aerial parts of the ryegrass when the humic solutions were added at the larger amount (10 mg of C per pot).
The chemical process which was more rapid than the microbial decomposition of poplar sawdust produced ' humic-like ' substances which had a greater effect on the absorption of P and Mn by ryegrass than the humic substances senso stricto produced by traditional, slower composting of the same sawdust. Actually this fast process could offer an interesting way of recycling lignocellulosic wastes especially in areas where organic matter is declining in cropped soils. Further experiments being conducted with water-soluble humic substances which are simpler, have a lower molecular bulk but higher carboxyl and hydroxy phenolic contents than humic acid will be the aim of subsequent publications.
